Introduction
============

Taxotere^®^ (docetaxel) is a chemotherapy agent used in clinic, injected intravenously, for several indications, such as non-small cell lung cancer, breast cancer, gastric cancer and prostate cancer.[@b1-ijn-12-5537],[@b2-ijn-12-5537] Docetaxel is extensively metabolized by cytochrome P450 3A4 (CYP3A4), resulting in low systemic bioavailability.[@b3-ijn-12-5537]--[@b5-ijn-12-5537] Recently, docetaxel was administered with oral drugs that are known to be potent CYP3A4 inhibitors to increase its bioavailability and to enable its oral administration, especially by the inhibition of intestinal CYP34A.[@b6-ijn-12-5537],[@b7-ijn-12-5537] However, on top of their own pharmacological activity, these orally administered inhibitors of CYP3A4 generally have a wide biodistribution. For instance, they can reach the blood--brain barrier and inhibit the P-glycoprotein, which can be beneficial in the indication of HIV, but could present a source of unwanted toxicity for other treatments, like cytotoxic agents such as docetaxel.[@b8-ijn-12-5537]

What if nanocarriers could deliver CYP3A4-inhibiting compounds to hepatocytes, responsible for hepatic metabolism?
------------------------------------------------------------------------------------------------------------------

Nanocarriers-based drug delivery systems have emerged as a solution to modify the biodistribution of drugs' classical formulations. These drug delivery systems have specific attributes: composition, structure, size, shape and surface, which determine their interactions with biological entities. One major obstacle in the development of such systems is their sequestration by the mononuclear phagocyte system (MPS), preventing their accumulation at target site. Interestingly, the place of the liver in the circulation and its vascularization make it the main organ responsible for the clearance of materials from the blood stream. An observation made by Tsoi et al[@b9-ijn-12-5537] is that the reduced velocity of the blood flow by a factor of 1,000 within the liver sinusoids favored the interactions of hard nanoparticles with surrounding hepatic cells. Moreover, once the nanocarriers, with a size typically \<100 nm, are in the liver sinusoids, the 150--175 nm fenestrae of the liver sinusoids occupying 6%--8% of the endothelial surface allow the nanocarriers to reach the hepatocytes.[@b10-ijn-12-5537] Finally, specific receptors expressed by hepatocytes -- such as asialoglycoprotein receptors (ASGPR) − may be exploited to enhance the recognition and capture of nanocarriers.

Taking advantage of these interesting features, we designed biocompatible and biodegradable organic-based nanocarriers − micelles and polymeric nanoparticles − with size \<100 nm, with various composition and structure to modulate their stability and payload release in vivo and with different surfaces to specifically or nonspecifically reach hepatocyte membrane receptors. We screened their ability to biodistribute and target hepatocytes. In parallel, these nanocarriers, loaded with bergamottin (BM), a natural CYP3A4-inhibiting agent,[@b11-ijn-12-5537]--[@b13-ijn-12-5537] were tested for their ability to interact with hepatocytes in vitro, modulate CYP3A4 activity and increase the antitumor efficacy of docetaxel.

Materials and methods
=====================

Materials
---------

Acetone, absolute ethanol (99.5%, extra dry, AcroSeal^®^), *N*-acetylgalactosamine and galactosamine (Ga), *N*-(3-Dimethylaminopropyl)-*N*′-ethylcarbodiimide hydrochloride (EDC) and *N*-hydroxysulfosuccinimide (NHS) were all purchased from Acros Organics (Geel, Belgium). 1,2-Distearoyl-sn-glycero-3-phosphoethanolamine-*N*-(carboxy(polyethylene glycol)-2000) (DSPE-PEG) and 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-*N*-lactosyl (lactosyl-PE) were purchased from Avanti Polar Lipids (Ala-baster, AL, USA). Docetaxel was purchased from Accord (London, UK). Di(benzyloxymethoxy)fluorescein (DBOMF), 1,1′-dioctadecyl-3,3,3′,3′-tetramethylindodicarbocyanine (DilC~18~) and all cell culture media were purchased from Thermo Fisher Scientific (Waltham, MA, USA). All other reagents were purchased from Sigma-Aldrich Co. (St Louis, MO, USA) unless otherwise specified.

Synthesis of BM-loaded (and/or DilC~18~-loaded) nanocarriers
------------------------------------------------------------

A schematic representation of the nanocarriers and their synthesis are presented in [Figure S1](#SD1-ijn-12-5537){ref-type="supplementary-material"}. For qualitative cellular uptake and biodistribution studies, the fluorescent probe DilC~18~ was used in place of BM.

### BM-loaded polysorbate 80 (PS80)--ethanol micelles (PS80--EtOH BM micelles)

Micelles of BM in polysorbate 80--ethanol (ie, PS80--EtOH BM micelles) were formed by self-assembly. The surfactant (PS80) and absolute ethanol were mixed in the ratio of 1:1 (v/v) to form a PS80--EtOH solution. BM was then weighted and dissolved in the PS80--EtOH solution at 15 mM. Once the dissolution was complete, micelles were formed by the addition of NaCl 1% (w/w) in a ratio equal to 9:1 (v/v) to the PS80--EtOH solution containing BM. Under these conditions, the resulting final concentration of BM in micelles was 1.5 mM. Nonencapsulated BM was removed by filtration in polyethersulfone (PES) Vivaspin^®^ ultrafiltration units, with 10^6^ Da molecular weight cutoff (Sartorius, Goettingen, Germany). All the PS80 introduced in solution was considered to form micelles, and no titration of PS80 was performed. Titration of BM in samples was performed on filtrates by fluorescence and compared to the fluorescence (excitation: 290--300 nm/emission: 475--490 nm) of a solution at the same BM concentration introduced and 5% ethanol in NaCl 0.95% (w/v). For in vivo injections, the micelles were injected as such (in 0.9% v/v NaCl final).

### BM-loaded DSPE-PEG micelles (DSPE-PEG BM micelles)

Micelles were prepared by lipid film hydration. Briefly, DSPE-PEG and lactosyl-PE were dissolved in chloroform. Untargeted and targeted micelles were composed of DSPE-PEG (100 mol%) and DSPE-PEG/lactosyl-PE (80/20 mol%), respectively, both using a total phospholipid concentration of 25 mM. For samples encapsulating BM, a solution of BM (2.5 mM) in ethanol was added in phospholipid solution. Phospholipid solution was dried under nitrogen stream and residual organic solvent removed by placing samples overnight in a vacuum pump. Then, samples were hydrated using a PES 0.22 µm filtered solution of HEPES (25 mM)/NaCl (145 mM) pH 7.4 heated to 60°C. Samples were vigorously vortexed until full hydration of phospholipid films. After micelle hydration, nonencapsulated BM was removed by centrifugation in a 10^6^ Da PES Vivaspin^®^ ultrafiltration units at 70 *g* for 30 minutes. Titration of phospholipids in samples was performed on filtrates by Bartlett method,[@b14-ijn-12-5537],[@b15-ijn-12-5537] and titration of BM was performed by fluorescence in water/ethanol (50:50, v/v), compared to the fluorescence of a solution at the same BM concentration introduced in water/ethanol (50:50, v/v). For in vivo injections, glucose was added to the micelle solution (5% v/v final).

### BM-loaded poly(lactic-*co*-glycolic) acid nanoparticles (PLGA BM nanoparticles)

Blank nanoparticles were obtained by a modified solvent diffusion (nanoprecipitation) technique.[@b16-ijn-12-5537] Briefly, PLGA (10 mg) was solubilized in acetone (850 µL), and then 150 µL ethanol was added. This organic phase was quickly poured into 10 mL deionized water (aqueous phase) and kept stirring at 1,000 rpm for 3 hours. BM-loaded nanoparticles were prepared using the same procedure, and BM was added in ethanol to the organic phase. *N*-acetylgalactosamine or alternatively Ga coatings were performed via carbodiimide chemistry, using the EDC/NHS cross-linking procedure ([Figure S2](#SD2-ijn-12-5537){ref-type="supplementary-material"}). Typically, to 40 mL of 0.6 g/L PLGA nanoparticle suspension at pH 5, aqueous solutions containing 10.6 mg of EDC and 15.9 mg of NHS were added. After 30 minutes of incubation at room temperature, the pH was raised to 7.4 and an aqueous solution containing 2.97 mg of Ga was added. The suspensions were then kept at 4°C, purified and sterilized by filtration through 0.22 µm PES filters. When required, the so-obtained nanoparticle suspensions were concentrated by 3--10 times, using 10 kDa PES Vivaspin^®^ ultrafiltration units under 192× *g* centrifugation and washed again using dialysis membranes (regenerated cellulose, molecular weight cutoff: 12--14 kDa; minimum 4 hours, twice). Titration of BM in samples was performed by ultraviolet (UV) absorbance at 310 nm in water/ethanol (50:50, v/v), compared to the UV absorbance of a solution at the same BM concentration introduced in water/ethanol (50:50, v/v). Titration of lactic acids (D and L) was performed with colorimetric assay kits (Sigma-Aldrich Co.) according to the manufacturer's instructions. For in vivo injections, glucose was added to the nanoparticle suspension (5% v/v final).

### DilC~18~-loaded hyaluronic acid (HA) nanoparticles (HA DilC~18~ nanoparticles)

Nanoparticles were synthesized by adapting a technique described by Hu et al.[@b17-ijn-12-5537] Briefly, nanoparticles were synthesized based on cross-linking polymer chains through their carboxyl groups. Briefly, aqueous solution of polymer (HA) was prepared by mixing the polymer in water (2.5 g/L, 5.4 mL). Then, 17 mL of acetone was added and stirred with a mechanical agitation for 25 minutes (320 rpm) to make sure all the components in the solution were well dissolved. DilC~18~ was added in the organic phase. Then, 0.125 mL of a solution of EDC (50 mg/mL) in water was added to the flask, and followed 5 minutes later by an addition into the mix of 0.35 mL of NHS in water (27.5 mg/mL). After mixing the solution for 5 minutes, 21.5 mL of acetone was added to the solution, and stirring was continued for \~16 hours. Then, the reaction was stopped by dialysis of the solution against reverse osmosis water using dialysis membranes (regenerated cellulose, molecular weight cutoff: 12--14 kDa; minimum 4 hours, twice). Finally, the nanoparticle suspension was washed again and concentrated with an Amicon^®^ system (Biomax^®^; 50 kDa; *d* =25 mm; PES) and stored at 4°C. All the HA introduced in solution was considered to form nanoparticles, and no titration of HA was performed. For in vivo injections, glucose was added to the nanoparticle suspension (5% v/v final).

Characterizations of nanocarriers
---------------------------------

### Size

The hydrodynamic diameter and size polydispersity of the micelles and nanoparticles were determined by dynamic light scattering (DLS). Measurements were performed on a Zetasizer Nano-ZS device (Malvern Instruments, Malvern, UK) with a laser operating at 633 nm and a photodiode detector at an angle of 173°. The mean of three measurements of 11 runs each in Z-average, along with the polydispersity index, is presented. For field emission gun-scanning electron microscope (FEG-SEM), imaging was performed on an SU-70 Hitachi FEG-SEM. Substrates used for sample deposition were silicon thin slides. A drop of particle solution was deposited on the slides either directly and vacuum dried at room temperature or previously spun for optimal particle repartition on the surface. For observation, low voltage (500 V, 1 kV, 2 kV) and low current beam (about a few picoamperes) conditions were chosen to prevent damaging of the polymer.

### Charge

The surface charge of the nanocarriers was evaluated by zeta potential measurement on a Zetasizer Nano-ZS device, in water at neutral pH (7--8). The mean of three zeta potential measurements of 14 runs each, along with zeta deviation measurements, is presented.

### Encapsulation

Encapsulation efficiencies (%EE) were calculated with the following formula: %EE = (concentration of BM in final solution)/(concentration of BM introduced\*dilution factor)\*100. BM concentration was evaluated by fluorescence (excitation: 290--300 nm/emission: 475--490 nm) or UV absorbance at 310 nm. Fluorescence was read at 700 V on a Cary Eclipse fluorimeter equiped with 96-well plate reader (Agilent Technologies, Santa Clara, Ca, USA) and UV absorbance was read on a Cary 100 Scan uv-visible spectrophotometer in UV cuvettes (Agilent Technologies, Santa Clara, CA, USA).

In vitro assays
---------------

### Cell culture

The human breast adenocarcinoma MDA-MB-231 cell line was purchased from the American Type Culture Collection (ATCC, Manassas, VA, USA) and was cultured in minimum essential media with Earle's salts supplemented with Glutamax, 10% fetal bovine serum, 1% nonessential amino acids, 1% penicillin--streptomycin and 1% sodium pyruvate. HepaRG cell line was purchased from Thermo Fisher Scientific and cultured in Williams E medium + Glutamax supplemented with 10% fetal calf serum, 5 µg/mL bovine insulin, 50 µM hydrocortisone 21-hemisuccinate, 50 U/mL penicillin and 50 µg/mL streptomycin. HepaRG cells were cultivated to induce CYP3A4. They were allowed to grow in a T75 flask for a week in an incubator after thawing (37°C, 5% CO~2~). Cells were then detached with Trypsin 0.05% and counted by Trypan blue exclusion. Cell viability \>80% was considered adequate. Cells were resuspended in the same culture medium and seeded on collagen-coated 96-well plates at a density of 33,000 cells/well (0.22×10^6^ cells/mL) and allowed to grow in an incubator (37°C, 5% CO~2~). Cells were allowed to reach full confluence for 2 weeks and cultivated 2 more weeks in the presence of a final concentration of 2% dimethyl sulfoxide (DMSO). Culture medium was renewed every 2--3 days. Cells were used for experiments from passages 2--10.

### In vitro CYP3A4 inhibition assays

Half-maximal inhibitory concentration (IC~50~) was determined on CYP3A4-expressing HepaRG cells, after incubation of the fluorogenic substrate DBOMF, specific for CYP3A4. DBOMF was prepared in acetonitrile at a stock concentration of 2 mM. To be incubated on cells, DBOMF was diluted at a concentration of 10 µM in a solution of PBS, 10 mM HEPES and 10 mM glucose with pH adjusted to 7.3. For the 3-hour incubation, 100 µL/well of inhibitors (BM-loaded micelles or nanoparticles) was incubated on cells 30 minutes before adding the substrate (100 µL/well of 10 µM DBOMF) for 2.5 additional hours. Then, 75 µL/well of the substrate incubated on cells was taken and mixed on a white 96-well plate with 25 µL of enzymatic solution: beta-glucuronidase/arylsulfatase diluted by 100 M and 0.5 M sodium acetate pH 4.5 (3:2, v/v).[@b18-ijn-12-5537],[@b19-ijn-12-5537] The solution was incubated for 1 hour at 37°C. Once the incubation completed, 100 µL/well of 2 N sodium hydroxide was added. Fluorescence (excitation: 490 nm/emission: 520 nm) was read at a voltage set between 450 V and 550 V on a Cary Eclipse fluorimeter. Cytotoxicity was measured using a lactate dehydrogenase (LDH) assay according to the manufacturer's instructions. UV absorbance for the LDH assay was measured on a UV 96-well plate reader PowerWave 340.

In vivo assays
--------------

### In vivo imaging system (IVIS)

IVIS manipulation was performed on adult female mice (Naval Medical Research Institute \[NMRI\]-Fox1nu/Foxn1nu; Le Genest-Saint-Isle, Janvier, France) at the Institut Gustave Roussy (Villejuif, France), according to its ethic committee policy, following approval. Animals received good care and humane treatments. Mice were injected intravenously in the caudal vein with DilC~18~-loaded nanocarriers (micelles or nanoparticles). All solutions were injected at 10 mL/kg, in 5% (v/v) glucose for PLGA and HA nanoparticles and DSPE-PEG micelles and 0.9% NaCl (w/v) for PS80--EtOH micelles. Imaging was launched right before injection. Images were acquired on an IVIS Spectrum (PerkinElmer, Courtaboeuf, France) with the following settings: 640 nm excitation, 680 nm emission, binning factor of 8 with a fixed field of view (13.2 cm). The exposure time was automatically computed by the software to raise a minimal threshold of 6,000 counts within 1 minute. Acquisitions were repeated each minute during 1 hour after nanocarriers' injection. For each kinetic, data were represented in radiance efficiency which is a normalized unit according to the acquisition parameters. Fluorescence of the spleen or of the liver was normalized per the organ surface. Mice were euthanized, and selected organs (liver, spleen, intestines and stomach) were imaged ex vivo.

### Flow cytometry analysis of hepatocytes

Experiments were performed on adult female mice (NMRI-Fox1nu/Foxn1nu) at the Ecole Nationale Veterinaire d'Alfort (National Veterinary School of Alfort) (Maisons-Alfort, France), according to its ethic committee policy, following approval. Animals received good care and humane treatments. Mice were injected intravenously in the caudal vein with DilC~18~-loaded nanocarriers. All solutions were injected at 10 mL/kg, in 5% (v/v) glucose for PLGA and HA nanoparticles and 0.9% NaCl (w/v) for PS80--EtOH micelles. Then, 1 hour or 20 hours after intravenous injection of DilC~18~-loaded nanocarriers, mice were euthanized with the purpose of recovering their hepatocytes. After opening the body cavity, a catheter was placed in the portal vein.[@b20-ijn-12-5537],[@b21-ijn-12-5537] A few milliliters (\~5--10 mL) of Liver Perfusion Medium, heated to 37°C, were injected very slowly in the portal vein, and the inferior vena cava was cut a few seconds after the beginning of the perfusion. Then, collagenase (0.5 mg/mL collagenase type IV in PBS), also heated to 37°C, was injected in the portal vein. Perfusion of Liver Perfusion Medium was continued until all the collagenase has gone from the catheter to the liver. Then, the liver was isolated, kept in collagenase (0.5 mg/mL in PBS), minced with scalpels and homogenized by pipetting. The cells in solution were filtered through a cell strainer (70 µM mesh size). Cells were rinsed by centrifugation (50× *g*, 5 minutes). Cell counts and viability of isolated hepatocytes were performed, and cells were fixed in 4% paraformaldehyde. The fluorescence was then detected and quantified with a BD Accuri C6 flow cytometer (BD Biosciences, San Jose, CA, USA) with the filters fluorescein isothiocyanate (FITC; laser 488 nm, 533/30 nm) and allophycocyanin (APC) (laser 640 nm, filter 675/25 nm). The data were analyzed using BD CSampler Plus software (BD Biosciences).

### Antitumor efficacy studies

Antitumor efficacy studies were performed on adult female mice (NMRI-Fox1nu/Foxn1nu) at the Ecole Nationale Veterinaire d'Alfort (Maisons-Alfort, France), according to its ethic committee policy, following approval. Animals received good care and humane treatments. Mice were xenografted with MDA-MB-231 cells: 5 million cells in 50 µL were injected subcutaneously in the lower right flank. Tumor volume (mm^3^) was measured with a digital caliper and calculated by the following formula: tumor volume = length\*width^2^/2. Mice were randomized on the day of experiment when the mean tumor volume was equal to 170 mm^3^ (SD: 34%): four animals per group in the control groups and six animals per group in the treated groups. Groups were treated as shown in [Table S1](#SD10-ijn-12-5537){ref-type="supplementary-material"}. One vial of Taxotere (PS80-based docetaxel formulation), was diluted in NaCl 1% (1:9 v/v) prior to injection. Mice were followed up for clinical signs, body weight and tumor size at least twice a week. The treatment efficacy was determined using the optimal percent treated versus control ratio (%T/C),[@b22-ijn-12-5537] corresponding to the ratio of the mean tumor volume of treated groups versus control group and a Kaplan--Meier survival diagram.

Statistical analysis
--------------------

Data were analyzed and plotted on Excel (Microsoft 2013). In vitro and in vivo results were analyzed using GraphPad Prism 5.00 version (GraphPad Software, Inc., La Jolla, CA, USA), IC~50~ values were calculated with the "log(inhibitor) versus response" model and statistical analyses of tumor growth delay studies were obtained with a two-way ANOVA, followed by Bonferroni post tests.

Results
=======

Characterizations of nanocarriers
---------------------------------

Selection of materials for the design of the nanocarriers -- surfactants PS80, DSPE-PEG and the polymers PLGA and HA -- was driven by their proven ability to be used in human. From these materials, we designed several biocompatible and biodegradable nanocarriers, with size below 100 nm, and specific physicochemical properties ([Table 1](#t1-ijn-12-5537){ref-type="table"}). The key parameters tested were their composition and structure, which impacted on their blood stability and on the kinetic of release of their payload,[@b23-ijn-12-5537] and their ability to target hepatocytes (nonspecific addressing via negative surface charge versus specific addressing of functionalized nanocarriers).

PS80--EtOH micelles have a high critical micelle concentration (CMC) value of 10^−5^ M and a known poor stability in blood.[@b24-ijn-12-5537] DSPE-PEG micelles have a lower CMC value because block copolymers with lipids are more hydrophobic than surfactants, which stabilizes their micelle structure, and therefore such micelles present a higher stability in blood. Polymeric PLGA and HA nanoparticles have been reported to be stable in blood although the smaller the particles are, the fastest they release their payload due to an increased surface area.

The size of the nanocarrier remains one of the main drivers of clearance by the MPS: beyond 150 nm, the larger the particle's diameter is, the more readily it is uptaken by macrophages of the liver and the spleen.[@b25-ijn-12-5537] All the nanocarriers presented in this study were \<100 nm, allowing them to cross the space of Disse to be in contact with hepatocytes. Measured by DLS, PS80--EtOH, DSPE-PEG, DSPE-PEG (lactosyl) micelles, PLGA, PLGA nanoparticles functionalized with galactosamine (PLGA-Ga) and HA nanoparticles, respectively, have a hydrodynamic diameter (Z-average) of 11 nm, 16 nm, 58 nm, 67 nm, 63 nm and 96 nm, confirmed by observations in FEG-SEM for PLGA nanoparticles ([Table 1](#t1-ijn-12-5537){ref-type="table"}; [Figure 1](#f1-ijn-12-5537){ref-type="fig"}).

Surface charge is also a fundamental physicochemical parameter involved in recognition by the MPS. BM-loaded micelles present quasi-neutral surface charges (\<\|10\| mV). BM-loaded PLGA and PLGA-Ga nanoparticles and HA nanoparticles present negative surface charges with the following respective zeta potentials: −48.4 mV, −39 mV and −42.2 mV ([Table 1](#t1-ijn-12-5537){ref-type="table"}). The absolute value of the surface charge of PLGA particles after coating with Ga decreases by 10 mV ([Table 2](#t2-ijn-12-5537){ref-type="table"}), which tends to support the efficiency of the surface functionalization. Size measurements by DLS of PLGA and PLGA-Ga nanoparticles were also performed in 150 mM NaCl confirming a gain in stability due to functionalization.

Charged nanoparticles are known to be recognized by the MPS and to be trapped in the liver, contrary to neutral and stealth nanoparticles. Negative surface charges are generally recognized to be less toxic to the cells than positively charged nanoparticles, which tend to be trapped more rapidly by macrophages of the spleen, liver and lungs.[@b26-ijn-12-5537] Size inferior to 150 nm, combined to a negative surface charge, was chosen for a rapid clearance from the blood stream, and once in the liver sinusoids, to diffuse through the space of Disse. In addition, functionalization with lactosyl and Ga were used to enhance recognition by hepatocytes.

BM loading in nanocarriers
--------------------------

For PS80--EtOH and the two DSPE-PEG micelles, a good %EE (\>65%) of BM was observed. Of note, for the PS80--EtOH, BM concentration was close to its solubility limit. The ratio, BM (g/L)/surfactant or lipid (g/L), is 0.9% for both micelle types. For polymeric PLGA nanoparticles, a lower %EE was observed with a maximum of 8 mg/L of BM encapsulated, corresponding to a ratio, BM (g/L)/polymer (g/L), of 0.2%, which may be explained by the polymeric nature of the particles limiting their loading capacity ([Table 1](#t1-ijn-12-5537){ref-type="table"}).[@b23-ijn-12-5537]

In vitro: CYP3A4-inhibiting nanocarriers
----------------------------------------

In vitro IC~50~ values of CYP3A4 by BM in different nanocarriers were measured on the HepaRG cell line,[@b27-ijn-12-5537],[@b28-ijn-12-5537] using a fluorogenic substrate: DBOMF ([Table 3](#t3-ijn-12-5537){ref-type="table"}).[@b18-ijn-12-5537] All nanocarriers showed \<20% cytotoxicity on the HepaRG cell line at the doses tested to evaluate the IC~50~.

IC~50~ values were relatively close for nonencapsulated BM in ethanol and BM in PS80--EtOH, DSPE-PEG and DSPE-PEG (lactosyl) micelles, respectively, at 2.1 µM (1.3--3.4 µM), 1.0 µM (0.6--1.8 µM), 2.9 µM (2.1--3.9 µM) and 1.4 µM (1.0--2.1 µM). IC~50~ values of BM in PLGA nanoparticles were lower: 0.26 µM (0.18--0.37 µM) for PLGA and 0.56 µM (0.40--0.79 µM) for PLGA-Ga.

In vitro uptake of nanocarriers
-------------------------------

Cellular uptake of nanocarriers containing DilC~18~, a near-infrared dye used in place of BM for better fluorescent resolution, was confirmed by confocal imaging of fixed HepaRG cells, after incubation with nanocarriers for 3 hours ([Figures S3](#SD3-ijn-12-5537){ref-type="supplementary-material"} and [S4](#SD4-ijn-12-5537){ref-type="supplementary-material"}). Qualitatively, cell uptake analysis by confocal imaging at fixed parameters allows us to see that, after 3 hours of incubation on HepaRG cells in vitro, the uptake of lactosyl functionalized micelles is higher than the uptake of DSPE-PEG micelles. This is also the case for DilC~18~-loaded PLGA-Ga nanoparticles compared to DilC~18~-loaded PLGA nanoparticles after 3 hours and 24 hours of incubation.

In vivo: hepatocyte-targeting nanocarriers
------------------------------------------

To monitor the effective liver targeting at a macroscopic level, the biodistribution of the different DilC~18~-loaded nanocarriers was studied by IVIS, after intravenous injection in the tail vein of mice.

Nanocarriers were first injected at iso-fluorescence, ie, at a DilC~18~ concentration for which fluorescence of the solutions before injection was of the same level. [Figure 2A](#f2-ijn-12-5537){ref-type="fig"} shows typical IVIS of mice 10 minutes after injection with the different micelles loaded with DilC~18~. Micelles of PS80--EtOH, DSPE-PEG and DSPE-PEG (lactosyl) do not accumulate specifically in the liver. The reason may be their insufficient stability in plasma or, on the opposite, their prolonged circulation in blood.[@b23-ijn-12-5537] The "free" DilC~18~ (in EtOH--H~2~O 1:1, v/v) accumulates rapidly in the lungs ([Figure S5](#SD5-ijn-12-5537){ref-type="supplementary-material"}), which tends to support the hypothesis of a prolonged circulation of the micelles in blood. [Figure 2B](#f2-ijn-12-5537){ref-type="fig"} represents typical IVIS of mice 10 minutes after injection with PLGA, PLGA-Ga and HA nanoparticles loaded with DilC~18~. PLGA nanoparticles accumulate in the liver. PLGA (coated and uncoated) nanoparticles reach a peak of accumulation in a few minutes, which then decreases progressively. Compared to PLGA nanoparticles, HA nanoparticles tend to circulate, while a part accumulates progressively in the liver ([Figure S6](#SD6-ijn-12-5537){ref-type="supplementary-material"}). Then, to ensure that the fluorescence seen in the liver did not hide other potential sites of accumulation, the concentrations of PLGA, PLGA-Ga and HA nanoparticles were lowered from 4 g/L to 0.25 g/L in polymer ([Figure S7](#SD7-ijn-12-5537){ref-type="supplementary-material"}). Then, 1 hour after this "low-dose" injection (concentration in polymer PLGA or HA of 0.25 g/L), mice were euthanized and their livers and spleens were imaged ex vivo ([Figure 2C](#f2-ijn-12-5537){ref-type="fig"}). PLGA-Ga nanoparticles and HA nanoparticles accumulate less in the spleen than uncoated PLGA nanoparticles. The mean ratio (fluorescence of the spleen)/(fluorescence of the liver) measured ex vivo, 1 hour after injection, for mice injected with uncoated PLGA is 15%, compared to 4% for mice injected with coated PLGA-Ga nanoparticles and 6% for mice injected with HA nanoparticles. For PLGA-Ga and HA nanoparticles, the chemical functions at their surface help enhancing rapid capture by the liver, avoiding their capture by the spleen.

Next, we evaluated the ability of the nanocarriers to target hepatocytes at the cellular level. Mice were injected with nanocarriers loaded with DilC~18~, at iso-concentration of polymer or surfactant.

As observed in the IVIS biodistribution study, PS80--EtOH micelles poorly accumulated in hepatocytes, with only 3.6% of hepatocytes marked with DilC~18~, 1 hour after injection, whereas hepatocytes were highly targeted by PLGA nanoparticles, especially PLGA-Ga nanoparticles, which showed \>80% of marked hepatocytes ([Figure 3A](#f3-ijn-12-5537){ref-type="fig"}). A reduction in the marked population of hepatocytes after 20 hours is believed to be due to the release of DilC~18~ from PLGA nanoparticles and subsequent clearance from hepatocytes. On the opposite, as observed in the in vivo imaging distribution study, HA nanoparticles accumulate progressively in the liver, \~40% of hepatocytes are marked after 1 hour and 30% remain marked after 20 hours: there is no important difference in marked population between the two time points for HA nanoparticles ([Figure 3B](#f3-ijn-12-5537){ref-type="fig"}).

Considering their advantageous biodistribution, specifically in the liver and their ability to target hepatocytes, PLGA-Ga BM nanoparticles were used to deliver BM. Mice xenografted with MDA-MB-231 were treated with docetaxel 20 mg/kg, without pretreatment (group 3), with pretreatment of PS80--EtOH BM micelles (BM =5 mg/kg; group 4) or PLGA-Ga BM nanoparticles (BM =0.097 mg/kg; group 5; [Table S1](#SD10-ijn-12-5537){ref-type="supplementary-material"}; [Figure 4](#f4-ijn-12-5537){ref-type="fig"}).

BM was shown not to sensitize MDA-MB-231 cells to docetaxel in vitro ([Figure S8](#SD8-ijn-12-5537){ref-type="supplementary-material"}). Good tolerance to docetaxel treatment was observed for all groups with individual weight loss \<10% ([Figure S9](#SD9-ijn-12-5537){ref-type="supplementary-material"}). As a control, PLGA-Ga BM nanoparticles alone did not show a significant antitumoral effect in vivo (group 2; [Figure 4](#f4-ijn-12-5537){ref-type="fig"}). The optimal %T/C was, respectively, 62% for PS80--EtOH BM-treated group versus docetaxel alone and 32% for PLGA-Ga BM-treated group versus docetaxel alone, on day 18. The %T/C stays inferior to 40% for 10 consecutive days for the PLGA-Ga BM-treated group. Using a two-way ANOVA and a Bonferroni posttest, the difference in tumor growth delay between the two groups, docetaxel alone and PLGA-Ga BM + docetaxel, was statistically different (*P*-value \<0.001). The median survival was 66 days for PLGA-Ga BM-treated group, compared to 48 days for the docetaxel alone group and the overall survival rate was 67% versus 0% at day 55.

Discussion
==========

Different nanocarriers were designed to encapsulate the hydrophobic BM, inhibitor of CYP3A4, to make it injectable and to deliver it to hepatocytes. First, micelles made of the surfactant PS80 were included as a benchmark of small nanocarrier encapsulating BM. Such micelles are known to be relatively unstable in plasma,[@b29-ijn-12-5537],[@b30-ijn-12-5537] although they were injected at a final concentration in plasma above their CMC. Micelles made of the lipid DSPE-PEG were also tested because of their small size (\~20 nm) and their relatively more important stability compared to PS80--EtOH micelles. However, even with a lactosyl surface functionalization, they did not accumulate in the liver within 1 hour, either due to the micelle instability, leaking or prolonged blood circulation. Indeed, their PEGylated surface and low charge may favor a stealth behavior. Moreover, the homogeneous biodistribution of micelles encapsulating the fluorescent DilC~18~ probe, different from the biodistribution of the "free" probe injected in EtOH-H~2~O (1:1 v/v), tends to discard the leaking hypothesis in \<1 hour.

BM was also encapsulated into a soft nanoparticle made of a biocompatible and biodegradable polymer: PLGA.[@b31-ijn-12-5537] Nanoparticles had hydrodynamic diameters \<70 nm and were negatively charged, allowing them to extravasate and be able to cross the space of Disse to reach hepatocytes. PLGA nanoparticles were coated with Ga to test whether this functionalization would provide an active targeting. The Ga surface functionalization reduces the absolute value of the PLGA nanoparticles' charge and is usually used as a molecular targeting agent to hepatocytes.[@b32-ijn-12-5537]--[@b34-ijn-12-5537]

We also designed DilC~18~-loaded HA nanoparticles. HA nanoparticles were larger: 96 nm, although still \<150 nm. Their surface charge laid between the surface charges of PLGA and PLGA-Ga nanoparticles. Their different behavior in vivo may come from their larger size or difference in functionalization and degradability. Indeed, as a polysaccharide, HA is reported to confer stealth properties to the nanoparticles they functionalize.[@b35-ijn-12-5537],[@b36-ijn-12-5537]

To test the CYP3A4 inhibition of the BM in the nanocarriers, their IC~50~ was evaluated on the hepatocyte cell line, HepaRG, induced to express active CYP3A4. IC~50~ was relatively close for nonencapsulated BM in ethanol, PS80--EtOH, DSPE-PEG and DSPE-PEG (lactosyl) micelles, ranging from 1.0 µM to 2.9 µM. IC~50~ of BM in PLGA nanoparticles was lower: 0.26 µM for PLGA and 0.56 µM for PLGA-Ga. Such a difference may result from a favored uptake of nanoparticles by HepaRG cells. Although it is generally considered that a fivefold difference of IC~50~ is considered acceptable between two CYP450 activity assays, difference among nanocarriers may not be significant.[@b18-ijn-12-5537]

HepaRG cells do express ASGPR, a specific receptor at the surface of hepatocytes, receptor of Ga and lactosyl.[@b37-ijn-12-5537] A differential uptake of functionalized versus unfunctionalized micelles and nanoparticles was qualitatively observed in vitro by confocal imaging. To do so, nanocarriers were loaded with the fluorescent probe DilC~18~ instead of BM. Qualitatively, a lactosyl or Ga functionalization increases the uptake of nanocarriers in ASGPR-expressing cells in vitro, after 3 hours of incubation.

The mouse model was chosen for in vivo studies. Mouse and human express homologous cytochromes P450 and mouse was recognized as relevant for CYP450 inhibition studies.[@b38-ijn-12-5537]--[@b40-ijn-12-5537] A limit to the mouse model was the size of the space of Disse fenestrae, which was 280 nm, slightly wider than in human.[@b41-ijn-12-5537]

To test the hypothesis that the physicochemical properties of the PLGA, as well as its Ga functionalization, would make these nanoparticles accumulate rapidly in the liver and target specifically hepatocytes in vivo, we injected such nanocarriers, loaded with the fluorescent probe DilC~18~. When "free" DilC~18~ accumulated in the lungs, the PS80--EtOH and DSPE-PEG micelles were biodistributed evenly in the body, indicating they may circulate, whereas PLGA nanoparticles reached the liver specifically within seconds. Uncoated PLGA nanoparticles were trapped in the spleen, showing that they do not avoid effectively the MPS, contrary to PLGA-Ga nanoparticles. HA nanoparticles also accumulate in the liver, although part of them circulate and take a longer time to be trapped in the liver. Like PLGA-Ga nanoparticles, they do not accumulate in the spleen.

At a cellular scale, beyond their ability to reach the liver, PLGA, PLGA-Ga and HA nanoparticles were uptaken by hepatocytes in vivo. After isolating mice hepatocytes, we showed that 1 hour after injection, PLGA nanoparticles were uptaken in \~70% of hepatocytes, and PLGA-Ga nanoparticles in \>80% of hepatocytes. HA nanoparticles were uptaken by only 40% of hepatocytes. Then, 20 hours after PLGA-Ga injection, only 20% of hepatocytes still fluoresced at DilC~18~ wavelength and 30% after HA injection. Most probably, in the meantime, DilC~18~ was released from nanoparticles and cleared. HA nanoparticles circulating longer before being trapped in the liver, more hepatocytes were positively marked 20 hours after HA injection than after PLGA-Ga injection.

Since PLGA-Ga reach 80% of hepatocytes very rapidly and are not observed in the spleen, we selected PLGA-Ga nanoparticles to be injected 24 hours prior to docetaxel treatment. Even though PLGA-Ga reach the hepatocytes very rapidly, BM is a "suicide" inhibitor of CYP3A4: its inhibition lasts until the neosynthesis of CYP3A4 proteins, so for at least 24 hours.[@b42-ijn-12-5537] The 24-hour time lapse is more ethical regarding volumes injected to mice and allows BM to exit from PLGA nanoparticles and to bind to CYP3A4.

Our strategy is to inhibit CYP3A4 activity in hepatocytes, decrease docetaxel's metabolism in the liver and increase its concentration in the tumor. The antitumor efficacy of docetaxel was indeed enhanced with a preinjection of PS80--EtOH BM at 5 mg/kg of BM injected, with an optimal %T/C of 62% on day 20. The efficacy of docetaxel was even more boosted with a pre-injection of PLGA-Ga BM, at 0.097 mg/kg of BM injected, with an optimal %T/C of 32% on day 20, indicating that this pretreatment is active. Even though BM concentration injected in mice was \~50 times lower for PLGA-Ga BM-treated mice than for the PS80--EtOH BM ones, docetaxel's efficiency was enhanced by two in terms of %T/C. Besides, a marked improvement of overall survival was observed with 67% of animals alive at day 55 with pretreatment with PLGA-Ga BM nanoparticles against 0% without pretreatment and an increase in median survival of 18 days. No clinical sign of toxicity was observed in treated groups. The use of PLGA-GA BM formulation allows injecting 50 times less BM and 50 times less polymer/surfactant, which limits the potential toxicity or immunogenicity.

Intra-tumor expression of CYP450 may lower the dose of medication, when the drug is a substrate of the CYP450 isotype expressed. Our strategy could be developed in the indication of hepatocellular carcinoma (HCC). When HCC is inferior to 3 cm in diameter, it is most frequently composed of well-differentiated to moderately differentiated hepatocytes,[@b43-ijn-12-5537] meaning that they still express CYP450 enzymes.[@b44-ijn-12-5537] Inhibiting CYP3A4 in particular, by which docetaxel is metabolized, would allow increasing the concentration of docetaxel in HCCs and avoid resistance mechanisms. HCC may also express the efflux pump P-glycoprotein, which is known to be at the origin of drug resistance in many tumor types. The impact of PLGA-Ga BM nanoparticles on P-glycoprotein activity should be evaluated in vivo.[@b11-ijn-12-5537]

Other natural inhibitors of hepatic cytochromes P450 could be used in place of, or together with, furanocoumarins, into hepatocyte-specific nanocarriers for optimal inhibition of drug metabolism. Indeed, most of drug metabolism results from the activity of multiple cytochromes P450. Furanocoumarins inhibit several CYP450 (CYP3A4, CYP1A2, CYP1B1, CYP2C9, CYP2C19 and CYP2D6),[@b11-ijn-12-5537],[@b12-ijn-12-5537] but other CYP450 are involved in common drug metabolism. The taxane paclitaxel for instance is metabolized by both CYP3A4 and CYP2C8.[@b45-ijn-12-5537] A strategy to bring patients' drug metabolism to a baseline could be to combine a furanocoumarin with a flavonoid, such as quercetin.[@b18-ijn-12-5537],[@b46-ijn-12-5537]

Conclusion
==========

In this study, we designed a nanocarrier to encapsulate a CYP450 3A4 inhibitor, using the mechanism of nanoparticle clearance by the liver, to target hepatocytes. Our aim was to increase the efficiency of the drug docetaxel. We showed an effective targeting and CYP3A4 inhibition following intravenous injection of PLGA-Ga BM nanoparticles. For a given dose of docetaxel intravenously administered to mice bearing MDA-MB-231 tumors, a significant delay of tumor growth and improvement in overall survival were observed without increasing docetaxel clinical signs of toxicity, when compared to docetaxel alone. These results open the opportunity to decrease the dose of docetaxel for the same efficacy and reduced toxicity.

Supplementary materials
=======================

###### 

(**A**) Schematic representation of the nanocarriers and synthesis process of (**B**) PS80 micelles, (**C**) DSPE-PEG micelles, (**D**) PLGA nanoparticles and (**E**) HA nanoparticles.

**Abbreviations:** DSPE-PEG, 1,2-Distearoyl-sn-glycero-3-phosphoethanolamine-*N*-(carboxy(polyethylene glycol)-2000); EDC, 1-ethyl-3-(3-dimethlyaminopropyl) carbodiimide; HA, hyaluronic acid; lactosyl-PE, 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-*N*-lactosyl; NHS, *N*-hydroxysulfosuccinimide; PLGA, poly(lactic-*co*-glycolic) acid; PS80, polysorbate 80.

###### 

Schematic representation of the functionalization of PLGA nanoparticles with galactosamine.

**Abbreviations:** BM, bergamottin; EDC, 1-ethyl-3-(3-dimethlyaminopropyl) carbodiimide; NHS, *N*-hydroxysulfosuccinimide; PLGA, poly(lactic-*co*-glycolic) acid.

###### 

Favored intake of coated nanoparticles by HepaRG cells seen with Zeiss LSM710 confocal microscope with fixed optical parameters after 20 minutes (**A**, **B**), 3 hours (**C**, **D**) or 24 hours (**E**, **F**) of in vitro incubation of coated PLGA-Ga nanoparticles (**A**, **C**, **E**) or uncoated PLGA nanoparticles (**B**, **D**, **F**).

**Notes:** Fixed cells were imaged on a Zeiss confocal LSM710 microscope. Images were acquired using the 63× objective in oil, as 12-bit images. To image DilC~18~, DsRed filters were used and the Zeiss confocal LSM710 microscope was set as follows: masgain =600; digital gain =1.0; laser line (561 nm): 15%. Cell nuclei were stained with 4′,6-diamidino-2-phenylindole (DAPI). Master gain =600; digital gain =1.0; laser line (561 nm): 15%.

**Abbreviations:** PLGA, poly(lactic-*co*-glycolic) acid; PLGA-Ga, PLGA nanoparticles functionalized with galactosamine.

###### 

In vitro uptake of nanoparticles by HepaRG cells seen with confocal microscope (Zeiss LSM710) using the 63× objective in oil.

**Notes:** Uptake of (**A**) coated DSPE-PEG micelles with lactosyl containing 27 mg/L of DilC~18~ and (**B**) uncoated DSPE-PEG micelles containing 27 mg/L of DilC~18~ after 3 hours of in vitro incubation on HepaRG cells. Images were acquired with identical optical parameters (master gain =600; digital gain =1.0; laser line \[561 nm\]: 15%) and after DAPI staining of the nuclei and fixation of HepaRG cells.

**Abbreviations:** DAPI, 4′,6-diamidino-2-phenylindole; DilC~18~, 1,1′-dioctadecyl-3,3,3′,3′-tetramethylindodicarbocyanine; DSPE-PEG, 1,2-Distearoyl-sn-glycero-3-phosphoethanolamine-*N*-(carboxy(polyethylene glycol)-2000).

###### 

In vivo imaging of a mouse injected with DilC~18~ in H~2~O-EtOH (1:1 v/v).

**Notes:** Presented images were taken 1 minute, 5 minutes, 30 minutes and 60 minutes after intravenous injection in the tail vein. Scale: min =7.00E7; max =2.00E8 radiant efficiency in (p/second/cm^2^/sr)/(µW/cm^2^).

**Abbreviations:** DilC~18~, 1,1′-dioctadecyl-3,3,3′,3′-tetramethylindodicarbocyanine; EtOH, ethanol.

###### 

In vivo imaging of mice injected with (**A**) PS80--EtOH DilC~18~, (**B**) DSPE-PEG DilC~18~, (**C**) DSPE-PEG lactosyl DilC~18~, (**D**) HA DilC~18~, (**E**) PLGA DilC~18~ and (**F**) PLGA-Ga DilC~18~.

**Notes:** Presented images were taken approximately every 2 minutes until 15 minutes, every 4 minutes from 15 minutes to 30 minutes and every 7 minutes from 30 minutes to 1 hour. At least three mice per condition were imaged. Scale: min =7.02E7; max =4.14E9 radiant efficiency in (p/second/cm^2^/sr)/(µW/cm^2^).

**Abbreviations:** DilC~18~, 1,1′-dioctadecyl-3,3,3′,3′-tetramethylindodicarbocyanine; DSPE-PEG, 1,2-Distearoyl-sn-glycero-3-phosphoethanolamine-*N*-(carboxy(polyethylene glycol)-2000); EtOH, ethanol; HA, hyaluronic acid; PLGA, poly(lactic-*co*-glycolic) acid; PLGA-Ga, PLGA nanoparticles coated with galactosamine; PS80, polysorbate 80.

###### 

In vivo imaging of mice injected with (**A**) HA DilC~18~, (**B**) PLGA DilC~18~ and (**C**) PLGA-Ga DilC~18~, at lowered concentration of nanoparticles (0.25 g/L of polymer).

**Notes:** Presented images were taken approximately every 2 minutes until 15 minutes, every 4 minutes from 15 minutes to 30 minutes and every 7 minutes from 30 minutes to 1 hour. At least three mice per condition were imaged. Scale: min =7.02E7; max =4.14E9 radiant efficiency in (p/second/cm^2^/sr)/(µW/cm^2^).

**Abbreviations:** DilC~18~, 1,1′-dioctadecyl-3,3,3′,3′-tetramethylindodicarbocyanine; HA, hyaluronic acid; PLGA, poly(lactic-*co*-glycolic) acid; PLGA-Ga, PLGA nanoparticles coated with galactosamine.

###### 

In vitro control of MDA-MB-231 cells sensitization to docetaxel by BM.

**Notes:** Cell sensitization to docetaxel diluted in NaCl 1% (1:9 v/v) prior to injection was measured using a WST-1 assay according to the manufacturer's instructions, after 48 hours of co-incubation of BM (0--5 µM) and docetaxel (0--25 nM) in cell culture medium. A statistical analysis was performed by a two-way analysis of variance (ANOVA) analysis (Prism software). The concentration in BM did not cause significant differin the response of MDA-MB-231 cells to docetaxel. As measured by WST-1, MDA-MB-231 cells were not sensitized to docetaxel in vitro, by the co-incubation with polysorbate 80 (PS80)-EtOH BM micelles for 48 hours. In vitro viability of MDA-MB-231 cells after a 48-hour co-incubation of PS80--EtOH BM (0 µM, 0.2 µM, 1 µM and 5 µM) and docetaxel, evaluated by WST-1 assay. Results are the mean of triplicates ± SD, presented with a statistical analysis (two-way ANOVA, Prism software).

**Abbreviations:** BM, bergamottin; EtOH, ethanol; PS80, polysorbate 80.

###### 

Relative mean weight evolution per treatment group, relative to the mean weight per group at the first day of injection, ±SD.

**Notes:** No difference in weight evolution was noted between treated groups. No significant weight loss was observed.

**Abbreviations:** BM, bergamottin; EtOH, ethanol; PLGA, poly(lactic-*co*-glycolic) acid; PLGA-Ga, PLGA nanoparticles functionalized with galactosamine; PS80, polysorbate 80.

###### 

Treatment groups for in vivo study: antitumor efficacy

  Group number   Groups                                        Products injected                  Days of treatment   Number of mice
  -------------- --------------------------------------------- ---------------------------------- ------------------- ----------------
  1              Control                                       Glucose: 5%                        0, 4, 8             4
  2              PLGA-Ga BM micelles                           PLGA-Ga BM micelles: 0.097 mg/kg   0, 4, 8             4
  3              Docetaxel micelles                            Glucose: 5%                        0, 4, 8             6
                                                               Docetaxel micelles: 20 mg/kg       1, 5, 9             
  4              PS80--EtOH BM micelles + docetaxel micelles   PS80--EtOH BM micelles: 5 mg/kg    0, 4, 8             6
                                                               Docetaxel micelles: 20 mg/kg       1, 5, 9             
  5              PLGA-Ga BM micelles + docetaxel micelles      PLGA-Ga BM micelles: 0.097 mg/kg   0, 4, 8             6
                                                               Docetaxel micelles: 20 mg/kg       1, 5, 9             

**Note:** All solutions were injected at 10 mL/kg.

**Abbreviations:** PS80--EtOH BM, polysorbate 80--ethanol micelles encapsulating bergamottin; PLGA-Ga BM, poly(lactic-*co*-glycolic) acid nanoparticles functionalized with galactosamine, encapsulating bergamottin.
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![FEG-SEM image of PLGA nanoparticles.\
**Abbreviations:** FEG-SEM, field emission gun-scanning electron microscope; PLGA, poly(lactic-*co*-glycolic) acid.](ijn-12-5537Fig1){#f1-ijn-12-5537}

![In vivo imaging of mice injected with (**A**) micelles of (i) PS80--EtOH DilC~18~, (ii) DSPE-PEG DilC~18~, (iii) DSPE-PEG lactosyl DilC~18~, (**B**) nanoparticles of (i) PLGA DilC~18~, (ii) PLGA-Ga DilC~18~ and (iii) HA DilC~18~, with solutions on the same scale of fluorescence, 10 minutes after injection. At least three mice per condition were imaged in vivo. Scales: radiant efficiency in (p/second/cm^2^/sr)/(µW/cm^2^); min =7.02E7; max =4.14E9. (**C**) Ex vivo imaging of livers and spleens of mice injected with (i) PLGA DilC~18~, (ii) PLGA-Ga DilC~18~ and (iii) HA DilC~18~ 1 hour after injection. At least two mice per condition were imaged. Scales: radiant efficiency in (p/second/cm^2^/sr)/(µW/cm^2^); min =1.11E8; max =6.5E8.\
**Abbreviations:** DilC~18~, 1,1′-dioctadecyl-3,3,3′,3′-tetramethylindodicarbocyanine; DSPE-PEG, 1,2-Distearoyl-sn-glycero-3-phosphoethanolamine-*N*-(carboxy(polyethylene glycol)-2000); EtOH, ethanol; Ga, galactosamine; PLGA, poly(lactic-*co*-glycolic) acid; PLGA-Ga, PLGA nanoparticles functionalized with Ga; HA, hyaluronic acid; PS80, polysorbate 80.](ijn-12-5537Fig2){#f2-ijn-12-5537}

![FACS analysis of hepatocytes (**A**) 1 hour after mice injected with (i) PS80--EtOH DilC~18~, (ii) PLGA DilC~18~, (iii) HA DilC~18~ or (iv) PLGA-Ga DilC~18~ and (**B**) 20 hours after mice injected with (i) HA DilC~18~ or (ii) PLGA-Ga DilC~18~.\
**Notes:** FITC-positive population (FITC+) represents hepatocytes, due to their autofluorescence at this wavelength. The population in the upper right corner is the APC-positive hepatocytes (APC+/FITC+): hepatocytes after DilC~18~ uptake.\
**Abbreviations:** DilC~18~, 1,1′-dioctadecyl-3,3,3′,3′-tetramethylindodicarbocyanine; FACS, fluorescence-activated cell sorting (flow cytometry); EtOH, ethanol; FITC, fluorescein isothiocyanate; Ga, galactosamine; HA, hyaluronic acid; PLGA, poly(lactic-*co*-glycolic) acid; PLGA-Ga, PLGA nanoparticles coated with Ga; PS80, polysorbate 80.](ijn-12-5537Fig3){#f3-ijn-12-5537}

![(**A**) Median tumor volume (mm^3^) (n=4 for groups 1--2, n=6 for groups 3--5), (**B**) individual tumor volume (mm^3^) of groups 1--2 and 4--5, (**C**) individual tumor volume (mm^3^) of groups 1--2, 3 and 5, (**D**) Kaplan--Meier diagram of groups 1--2 and 4--5, and (**E**) Kaplan--Meier diagram of groups 1--2, 3 and 5. Difference between the PLGA-Ga BM and docetaxel alone groups was evaluated with a two-way ANOVA analysis and a Bonferroni post test, \*\*\**P*-value \<0.001. Arrows: injections (gray arrow PS80--EtOH BM or PLGA-Ga BM injections and black arrow docetaxel injections).\
**Abbreviations:** BM, bergamottin; EtOH, ethanol; Ga, galactosamine; PLGA, poly(lactic-*co*-glycolic) acid; PLGA-Ga, PLGA nanoparticles functionalized with Ga; PS80, polysorbate 80.](ijn-12-5537Fig4){#f4-ijn-12-5537}

###### 

Summary of physicochemical properties of the nanocarriers

  Composition                   Size (by DLS)   Surface functionalization   Surface charge   Surfactant, lipid or polymer concentration (g/L)   BM concentration (µM)          
  ----------------------------- --------------- --------------------------- ---------------- -------------------------------------------------- ----------------------- ------ -------
  PS80--EtOH micelle            10.7±0.07       0.06±0.002                  --               −9.03±1.04                                         8.6±1.1                 54.5   1,500
  DSPE-PEG micelle              16±0.3          0.145±0.03                  --               −9.93±0.81                                         15.4±12                 7.1    189
  DSPE-PEG (lactosyl) micelle   58±0.4          0.45±0.01                   Lactosyl         −5.79±0.94                                         13.4±4.7                7.2    45
  PLGA                          67±1.6          0.16±0.04                   --               −48.4±1.37                                         7.9±0.3                 4.4    28.7
  PLGA-Ga                       63±1.1          0.07±0.01                   Ga               −39±0.93                                           6.9±0.8                 4.4    28.7
  HA                            96±0.4          0.15±0.01                   --               −42.2±1.46                                         13.3±0.451              3.0    --

**Note:** Data presented as mean ± standard deviation, unless otherwise stated.

**Abbreviations:** BM, bergamottin; DLS, dynamic light scattering; DSPE-PEG, 1,2-Distearoyl-sn-glycero-3-phosphoethanolamine-*N*-(carboxy(polyethylene glycol)-2000); EtOH, ethanol; Ga, galactosamine; HA, hyaluronic acid; PLGA, poly(lactic-*co*-glycolic) acid; PLGA-Ga, PLGA nanoparticles functionalized with Ga; PS80, polysorbate 80.

###### 

Measured zeta potentials of PLGA nanoparticles, depending on their load and surface functionalization

  -------------------------------------------------------------
  Composition                 PLGA\        PLGA\
                              (empty)      (encapsulating BM)
  --------------------------- ------------ --------------------
  PLGA nanoparticles                       

   Zeta potential (mV ± SD)   −47.9±1.80   −48.4±1.37

   Zeta deviation (mV ± SD)   11.4±0.45    7.91±0.27

  PLGA-Ga nanoparticles                    

   Zeta potential (mV ± SD)   −37.4±1.34   −39±0.93

   Zeta deviation (mV ± SD)   13.3±0.44    6.92±0.77
  -------------------------------------------------------------

**Abbreviations:** BM, bergamottin; Ga, galactosamine; PLGA, poly(lactic-*co*-glycolic) acid; PLGA-Ga, PLGA nanoparticles functionalized with Ga.

###### 

In vitro IC~50~ of BM in different nanocarriers, measured with the fluorogenic DBOMF probe, after 3 hours of co-incubation on HepaRG cells; results are the mean of at least three independent experiments performed in triplicate, presented with 95% confidence interval

  ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Composition                  Unformulated compound   Formulations suitable for injection   Stable and size-appropriate encapsulation   Stable, functionalized and size-appropriate encapsulation                       
  ---------------------------- ----------------------- ------------------------------------- ------------------------------------------- ----------------------------------------------------------- ------------------- -------------------
  Sample                       BM in ethanol           PS80--EtOH BM                         DSPE-PEG BM                                 DSPE-PEG\                                                   PLGA BM             PLGA-Ga BM
                                                                                                                                         BM lactosyl                                                                     

  IC~50~ (in µM) with 95% CI   2.1 (1.3--3.4)          1.0 (0.6--1.8)                        2.9 (2.1--3.9)                              1.4 (1.0--2.1)                                              0.26 (0.18--0.37)   0.56 (0.40--0.79)
  ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

**Abbreviations:** BM, bergamottin; DBOMF, di(benzyloxymethoxy)fluorescein; DSPE-PEG, 1,2-Distearoyl-sn-glycero-3-phosphoethanolamine-*N*-(carboxy(polyethylene glycol)-2000); EtOH, ethanol; Ga, galactosamine; IC~50~, half-maximal inhibitory concentration; PLGA, poly(lactic-*co*-glycolic) acid; PLGA-Ga, PLGA nanoparticles functionalized with Ga; PS80, polysorbate 80.
